Water is an important weathering factor on rock discontinuities and in rock mass mechanical behaviour because of its chemical features such as temperature, pH or salinity which make it a "good" candidate to rock degradation. Furthermore the increase of rainfall frequency or intensity highlights some problems on the rock slope stability analysis. This study aims to evaluate the effect of water flow on the rock slope stability and it is performed at two space scales: in situ scale and laboratory (micro scale and macro scale). It shows how water induces degradation at multi-scale (surface roughness and matrix) and thus may decrease the stability of the discontinuous rock mass. It has two main components: the effect of water-solid chemical mechanisms and the analysis of the mechanical response of the discontinuity modified by the water alteration.
A b s t r a c t
Water is an important weathering factor on rock discontinuities and in rock mass mechanical behaviour because of its chemical features such as temperature, pH or salinity which make it a "good" candidate to rock degradation. Furthermore the increase of rainfall frequency or intensity highlights some problems on the rock slope stability analysis. This study aims to evaluate the effect of water flow on the rock slope stability and it is performed at two space scales: in situ scale and laboratory (micro scale and macro scale). It shows how water induces degradation at multi-scale (surface roughness and matrix) and thus may decrease the stability of the discontinuous rock mass. It has two main components: the effect of water-solid chemical mechanisms and the analysis of the mechanical response of the discontinuity modified by the water alteration.
INTRODUCTION
Roads are frequently affected by collapsing boulders or more generally by rock fall phenomena. These events are mainly induced by the presence and the behaviour of discontinuities in mountain rock mass. As a matter of fact, theses discontinuities play a major role on the stability of the rock slopes (Zare and Torabi 2008) . A natural event such as heavy rain is an important factor on the rock mass stability. The Intergovernmental Panel on Climate Change (IPCC) related that the phenomena of increasing precipitations and rise in altitude permafrost due to climate change to the occurrence of the rock fall phenomenon (Pachauri and Reisinger 2008) . A number of largescale slope movements is also linked to precipitation -rain and snow melting (Durville 1992) . Water is known to have significant erosion and dissolution effects on rock surface or rock matrix. This kind of weathering is observed frequently on stone specially on limestone (Javey 1972 , Billi et al. 2007 . Water effects in fractured media are significant by the interactions (chemical and/or mechanical) between water and rock. Many reactions either mechanical pressure or chemical dissolution are involved in rock weathering. Dissolution is certainly the main cause of limestone weathering due to its mineralogy (Sjöberg and Rickard 1984 , Dreybrodt et al. 1996 , Liu et al. 2005 . Limestones can be composed of dolomite, and called dolomiticlimestone. It is a double carbonate of calcium and magnesium which the main mineral is dolomite. Its chemical bonds being CaMg(CO 3 ) 2 , are more stable (Eq. 1). The effervescence with acid is mainly due to the calcite always present in a proportion (0% < [CaCO 3 ] < 50%) in the rock. MgCa(CO 3 ) 2 + 4H 3 O + --> Mg 2+ + Ca 2+ + 2CO 2 + 6H 2 O .
(1)
Limestones studied here are mainly composed of calcite (CaCO 3 ). This crystal is very sensitive to dissolution. The rate of dissolution increases with acidified water and the CO 2 is considered as an important acidifying component of water (Roques and Ek 1973) . Morever, the effervescence due to CO 2 released in the reaction with an acidic solution (Deer et al. 1992) .
The water pH of natural waters varies between 4 and 9. The reaction between water and calcite shows a dissociation of the product of reaction calcium ion and carbonate ion.
In addition to chemical reactions, there are also physical mechanisms which modify the rock cohesion (Vásárhelyi and Ván 2006) . Some features of the rock will be modified by the influence of water (Vásárhelyi and Ván 2006, Calvo-Cases et al. 2003) . This paper will focus on the behaviour of discontinuities subjected to chemical action of water.
Some parts in the rock mass are connected to the block ready to fall (Kemeny 2005 , Frayssines 2005 ). These parts are commonly named "rock bridge" and contribute to the block stability. The determination of these rock bridges is of interest to evaluate the collapse risk. Among the different geophysical methods available, Ground-Penetrating Radar (GPR) seems to be the most suitable for the rock bridge determination. Indeed, this method reviewed in Neal (2004) , has been extensively used for fault and fracture in 2D and 3D mapping for different rock types such as carbonate, marble, and gneiss (Grasmueck 1996 , Grasmueck et al. 2005 , Pipan et al. 2003 , Grégoire et al. 2003 , Deparis et al. 2007 , Grandjean and Gourry 1996 , Denis et al. 2009 ). In the first part of this paper, we present some results of a GPR experiment conducted on our test site for in situ fracture identification in a limestone.
Then, we performed in laboratory two experiments to quantify the influence of water degradation on rock discontinuities. This degradation is accelerated when the water pH decreases (Chou et al. 1989) . The first experiment focuses on the alteration of a rock bridge. The rock shape and the shear strength evolution are analyzed. The second experiment analysis presents the dissolution rate and the surface roughness evolution of the tested samples.
IN SITU IDENTIFICATION OF ROCK BRIDGES IN A LIMESTONE BLOCK

Localization and geometry of the site
The experimental site of Montagnole is located in Savoie in the French Alps near Chambery (Fig. 1) . The selected block is a limestone, with a low porosity (~1%). It belongs to the Barremian stage (121-127 My). The block is a triangle shaped dihedral with fractures and it is apparently ready to fall (Fig. 2) . This work aims to evaluate the potential of GPR measurements to identify the fracture plans inside the block and relate them to the apparent discontinuities on its surface.
Methods
To test the ability of GPR to detect fractures inside our limestone block, we acquired different mono-offset profiles on horizontal and vertical directions, on the North and East surfaces (Figs. 3 and 4) . We used a Mala Ramac system with shielded antenna of central frequency 1600 MHz. The distance between each parallel profile was 20 cm. Inside each profile, the 30 ns long traces were recorded every centimeter. Each radargram was processed using 4 . Positioning of the two series of GPR profiles acquired on the East face of the limestone block. Horizontal profiles are called PHE 3 to PHE 9 and vertical ones PVE 1 to PVE 3. Horizontal profiles were acquired from North to South and the vertical ones were acquired from bottom to top. the software Reflexw (Sandmeier 2007) . After the classical removal of the digit constant, the data were filtered by using a substract averaging over 10 traces, then gained using an automatic gain control procedure with a window of 15 ns. Assuming an homogeneous medium of propagation, the fitting of the reflections on the block edges (Léger and Saintenoy 2011) gives an estimate of the electromagnetic velocity to 0.11 m/ns. This velocity was used to migrate each radargram using the Stolt method (Stolt 1978) .
Results and discussion
Observations on the three free surfaces of the block reveal many discontinuities. The major visible ones on the North face are represented in black in Fig. 2 . The longest one was in continuity with a discontinuity visible on the block top surface. We assume rock bridges exist to maintain the stability of the rock block in such a geometrical configuration. Other discontinuities are visible on the flat top surface. These are important for the surface degradation being a direct inlet for water.
In most processed radargrams some reflections are visible such as the one arriving around a two-way-traveltime (TWT) of ~20 ns on the radargram PHN 6 acquired on the North face shown in Fig. 5 . We picked up the position and TWT of all reflections we could detect on our radargrams. The radargram in Fig. 5 shows the difficulty in deciding the exact position of the point to pick up even along one reflection. The TWT were converted to depth using the velocity of 0.11 m/ns. Each point of measurement was placed in a system of coordinates of origin the upper north east corner of the block and plotted in a 3D cube in Fig. 6 . On this figure, three groups of points could be used to define three distinct surfaces. Two of them can be prolongated to apparent rock discontinuities in the open access faces of the block (Fig. 2) . Thus, we interpret the three surfaces as rock discontinuities inside the block. The differences of distance retrieved from vertical profiles compared to horizontal ones can be explained from our 2D migration. The reflecting surface can be out of the plane of acquisition. This is not taken account in a 2D migration. The three surfaces are not linked to each other, showing rock bridges. More GPR measurements are necessary to evaluate accurately the surface of the discontinuities. However this preliminary GPR acquisition indicates that this geophysical method seems appropriate to determine rock discontinuities in an in situ block of limestone.
The first in situ study allows us to identify the position of the inside discontinuity. The next approach is performed at the laboratory scale in order to understand the behaviour of these rock bridges submitted to alteration by water. Further analyses are performed in order to model the dissolution process (Luo et al. 2012) . 
ALTERATION OF LIMESTONES IN LABORATORY
In order to analyze the behaviour of discontinuities subject to water alteration, several experiments are performed. The alteration is performed in laboratory using different types of limestone and several water flow characteristics. This section shows how water may cause the degradation and the aggravation of the degradation of the discontinuity. The alteration is performed on six limestone samples ( (Bost 2008 , Casteleyn et al. 2010 , Saad 2011 . The Comblanchien sample is a micrite with some stylolitic joints and tension cracks (Malfilatre et al. 2012 ) and the sample named Montagnole is a micrite locally detritic with tension cracks and stylolitic joints. Some of their properties are given in Table 1 . Bachaud et al. (2009) , UCS* -uniaxial compression strength, ND -not determined.
In this experiment, two tests are performed. The first one is based on a quasi-static water at rest, which means that there is "no" flow of the solution on the sample. This case aims to simulate water which comes into the discontinuity and remains in it at rest. In the second test, the water is flowing in order to model a runoff inside the discontinuity during rain fall. In this test the water flux is one litre of fluid per day. The different types of limestone are submitted to acidic water (water with 0.035 µl sulphuric acid, with a concentration of the stock solution of 35% to reach pH 2) in order to increase the rate of dissolution. This acid is selected to enhance the degradation kinetics of the rock, but also to reproduce the acid chemical composition of the water. As a matter of fact, the water percolates and loads in humic acid which the main element is sulphuric acid. Therefore, the percolation water is more acid than the entering rain water. This kind of water causes damage to the rock through discontinuities. The water used for the two tests has the same pH.
Alteration in quasi-static regime
Experimental procedure
This first experiment consists in letting limestone's samples at rest in a fixed volume of acidic water (Fig. 7) in two steps. During the first step all samples are soaked during 2 days in a sulfuric acid solution at pH 2 then in the second step, samples are dried at 60°C during about 2 days (Fig. 7) . The addition of those two steps constitutes one cycle of 4 days. The experiment runs during 60 days, i.e., about 15 cycles. The evolution of weight of each samples during cycles of alteration are measured at different times. The acidic solution is renewed at each cycle. Thanks to that change, the alteration is more effective by repetitions of these cycles and "in fine", the samples degradation is increased.
The rock samples are cylindrical of 12 mm diameter and 100 mm high (Fig. 7) . A number of 24 stick samples are used for each type of limestone. We used four types of limestone: Caen Stone, Lens Stone, Larrys, and Comblanchien whose differ by their porosity. Limestones' porosity extends to a range from one to several tens of percent. Caen Stone and Lens Stone have a high porosity, respectively 20 and 17%, whereas the two others have a low one, respectively 7 and 1%. Fig. 7 . Schematic representation of the two steps of the experiment "alteration in quasi-static regime" which is composed of one cycle of weathering (left). Picture of the first phase of the experiment quasi-static regime limestone sample sticks are soaked in the acidic water (right).
After each cycle of degradation (4 days), the weight sample is measured in order to follow its evolution during the experiment. A photo of each sample is also taken in order to analyze qualitatively the limestone's aspect at each cycle. This first step of aspect analysis is extended to a smaller space scale. The analysis is performed at micro-scale within an Environmental Scanning Electron Microscope (ESEM) in order to see if changes are the same at macro scale and micro scale. During a second more quantitative step, measures by Mercury Porosimetry Intrusion (MIP) were performed in order to follow the evolution of the porous matrix.
Analysis
The evolution of each sample weight is measured during the dissolution process. A decrease of weight is measured for each type of limestone. Figure 8 represents the normalized weight (weight (t) / weight (t = 0)) versus time of degradation. We noticed linearity in time of the loss of weight for all the type of limestone (Fig. 8 ). This indicates that there is a constant rate of dissolution for limestone. This "global" linearity of the mass decreasing is quite surprising knowing that the rate of dissolution is function of gradient concentration in the solution, the natural or driven gravity flow, the solid- Fig. 8 . Different curves represent the evolution of sample weight for each type of limestone during the experiment studying alteration in static regime. Samples are immerged into the acidic solution, then they are put into the owen at 60°C during 2 days before being weighted. fluid surface mass exchange; one may therefore expect a decreasing rate of dissolution. The experiment time is not long enough to reach the decreasing of the rate. This curve may be considered as linear in the short time experiment (2 days), but their extrapolation for long time is not recommended. In Fig. 8 , we can observe that whatever the porosity the rate of decreasing weight is quite constant. However we can observe the higher the porosity, the higher the rate. We measure a loss of weight of 3% for low porosity, and 4% for the high ones. This difference of rate means that the dissolution process also affects the pores of the matrix although the pore pressure is very small. Moreover the dissolution process has a higher influence on the more porous sample (Caen stone).
We observe, the fluid rises at a very small pressure into high porosity samples (Lens stone and Caen Stone) whereas it does not for the low porosity sample. A visual trailing shows a brownish aspect of the sample mainly for all samples but with an exception for Lens stone which conserve its whiteness. The change of color is due to the presence of impurities. The remobilization of iron, especially, often turns the sulfuric acid a yellowish brown color.
The beckers are half filled with acidic water and covered with PVDF film, but the ambient air (T°C = 20°C) trapped allows the possibility of exchange between fluid and air.
At the fluid-air interface recognized by the difference in coloration, a recession of the surface is observed for each sample of each limestone (Figs. 9-11 ). This recession suggests a loss of material at the interface level. The high degradation in this part of the sample is also attributed to the influence of the CO 2 in ambient air. Actually, the CO 2 is considered as an im- portant acidifying component of water. The interface is the place where the exchange between ambient air and water near the surface is the most important, making it a zone where degradation is increased.
We observe the same high degradation near the interface, for all types of limestone. This information suggests an influence of CO 2 whatever the porosity.
The loss of material can be quantified with a Ca 2+ test in the solution used to imbibe the limestone. For each cycle we measured the calcium concentration into the solution, it's about 260-300 mg/L per cycle for low porosity and about 360-420 mg/L per cycle for the high ones.
In order to evaluate the different states of alteration of the porous matrix, MIP measurements have been perfomed. This method (MIP) is commonly used to evaluate the porosity and the pore size distribution of different porous materials (Fusi and Martinez-Martinez 2013) . MIP results are expressed as the total mercury volume intruded (diffential intrusion log) in a sample versus pore size (mean pore diameter). Measurements were carried out after several cycles of degradation. Figure 12 shows the volume of mercury intrusion versus the pore diameter. We represent on the graph three of the four limestone samples used for the study: Larrys (7%), Lens Stone (17%), and Caen Stone (20%). First of all, we can observe that the mean pore diameter increases with the limestone's porosity. Then for each type of limestone there is an increase of the mean pore diameter between the initial state and 3 days of alteration. The alteration increases the pore volume. Low porosity samples have a small mean pore diameter whereas high porosity samples have bigger mean diameter. Matrix of Lens Stone and Caen Stone samples are modified after the first cycle. Indeed an aperture of the mean diameter pore is measured after the first cycle but the mean diameter does not increase for the other cycles. Nevertheless on Lens Stone, the volume of mercury increases between 30 and 60 days of alteration. This reveals an increase of pores with same size. Larrys' samples show an increase of the mean diameter pore all along the state of degradation (Fig. 12) .
We observe at micro-scale level samples of limestone named Lens Stone with an environmental scanning electron microscope (ESEM) (Fig. 13) . These three pictures show three states of limestone degradation at different time. The first one represents a non-altered sample, the second shows the sample at 10 days of alteration, and the last one after 60 days of alteration. The limestone observed is Lens Stone. It is composed of ooids usually composed of Fig. 12 . Volume of mercury intrusion versus pore size diameter for Lens Stone (black), Caen Stone (brown), and Larrys (blue) samples and for several state of weathering. Colour version of this figure is available in electronic edition only. Fig. 13 . ESEM pictures from sample of Lens Stone at initial state (left), after 10 days (middle), and after 60 days (right). The dash line circles emphasize the gap between ooliths; this gap increases during the alteration. a nucleus, which is surrounded by a cortex of calcite or aragonite crystals that are arranged radially, tangentially or randomly. These crystals are arranged in concentric lamina. During the period of alteration a digging around the ooids is observed, which indicates dissolution of calcite. The dissolution could be measured by the gap between ooliths. At the initial state the gap is about 20 µm and after 10 days the gap is open to 80 µm. This kind of features shows the non-homogeneous dissolution at this space scale.
Shear strength analysis
In addition to the observations and measurements of the chemical degradations, an analysis of the mechanical response of the sample submitted to a shear loading is performed. The measurements are made with a uniaxial compression cell in order to evaluate the influence of alteration on the mechanical properties of the limestone samples. We used cylindrical similar to the samples used in the previous quasi static experiment (Fig. 14) . Each sample is positioned in a shaped granite base (Fig. 14) and put in the uniaxial cell (Fig. 15) .
The loading (kinematically controlled) applied on the weathered sample is measured and it is called "mechanical strength". Each sample is sheared in order to compare them according to their porosity and to their degree of weathering.
Shear strength measurements are performed on different non-altered limestone samples with a range of porosity from 2 to 35% (Fig. 16 ). All limestone samples seem to have the same behaviour. There are three stages observed on each curve. The first stage corresponds to the loading up to a first peak. The second stage goes from this peak down to a minimum. The third stage starting at this minimum corresponds to the raise of the shear stress up to the maximum of the curve which corresponds to the sample breaking. Nevertheless, we noticed that the smaller the sample's porosity, the stronger the slope. This implies that the slope of curves increases with the decreasing porosity. It suggests that porosity affects the mechanical response of samples. Figure 17 shows the evolution of shear stress versus tangential displacement. The curve shows an increase up to a peak at 16 MPa and a decrease down to 12 MPa. This first part of the curve with the little peak indicates a first micro-crack in the limestone sample, correlated with a rock fragment detached during the loading. After that the shear stress rises to a maximum at 21 MPa and then, the shear stress decreases drastically. This part of the curve represents the failure of the sample. In order to show the influence of the alteration on the limestone's mechanical behaviour we performed a test also on weathered limestone. A first set of limestone samples undergoes a flow of acidic water (pH 2) and others with non aggressive water (pH 7) during several weeks. Two samples of these weathered limestones are used for mechanical test. Figure 18 shows the evolution of Larrys' samples failure peak during alteration period for two different pH degrees of water: pH 2 and neutral water pH 7. Surprisingly, these two curves show a first increase of peak failure up to a maximum and then a decrease after this peak. They have the same shape except the maximum for the acid water (pH 2) appears before that for rain water (pH 7). The difference between the curves points out the increase of rate process of dissolution. The comparison between two different pH degrees of water shows how much the influence of pH water is relevant during the alteration process. Furthermore the slope before the peak for the pH 2 curve is stronger than the slope for pH 7. Fig. 18 . Evolution of the mean failure peak after period of alteration for Larrys limestones. A comparison between different water, acid (pH 2), and neutral (pH 7).
Rock bridge alteration in the case of flowing water
Experimental procedure
In this experiment, the shape of the sample and the water flow are different from the first one. Limestone's blocks are sawn so as to leave a continuous part called rock bridge. The rectangular geometry of the bridge is connected to the surface of the block. The above part is taken off. The experiment is conducted in an open system so that the CO 2 of the atmosphere can influence the interaction between the acidic solution and the surface of the block. As a matter of fact, CO 2 is known to acidify water. The acidic solution is stored in tins and the solution flows via a drip system. The water flow is about one liter per day (Fig. 19) . Figure 20 depicts the time evolution of water pH during two different experiments. A continuous flow on the limestone surface maintains pH stability around 2 whereas limestone's sample immersion in an acidic solution buffers it at pH 7. This graph shows how time-contact between rock and solution is relevant. In addition some measurements in a resurgence of fresh water were done in situ, the geological landscape with limestone which belongs to lower Cretacious and we obtain a pH between 7 and 7.5 pH unit. These measurements allow us to confirm the influence of time contact with rock and to confirm that we have the same results in situ as laboratory scale.
The flow of water causes a material dissolution and destructuration (Fig. 21) . Fine particles are observed in the water of the recovery basin as Fig. 19 . Schemes of the shape limestone samples for the experiment. Alteration in the case of "flowing water", the acid solution is in drip system, the flow is one liter of solution per day, and runs along the discontinuity and around the rock bridge (left). Picture of the runoff along the discontinuity and around the rock bridge (right). observed by Kupper (1985) . The picture shows also a non-symmetric flow of the solution. Indeed we observed during the period of runoff that water followed different paths. It is obvious that water prefers the easier path to dissolve minerals (as calcite) less competent that the remaining rock. 
Analysis
Each type of limestone received 12 litres of acid solution flowing during a period of 17 days. After 8, 11, and 17 days, a geometric analysis by laser is performed. Many profiles were done in order to show the influence of the alteration surface and to establish the decreasing of the rock bridge surface. This decrease of the surface is observed during the water flowing for all samples and measured for four of them. Figure 22 shows the decrease of the the rock bridges area. We measured a loss of the surface: for Comblanchien it is 19% of loss, 59% for Larrys, 57% for Chamesson, and 24% for Lens Stone. The loss of areas is measured between the state 0 and the final state.
Reduction
19%
59% 57% 24% surface (%) In addition, we noticed an intact part of the rock bridge below. The recession of the rock bridge surface may imply a decrease of the mechanical shear stress of the rock bridge.
Other laser profiles (Fig. 23) were also analyzed. Profile P1 was taken above the bridge, then profile P2 just under the bridge, and the third P3 was measured far below from the bridge (Fig. 23) . These profiles were made at initial state, after 8 days of runoff, 11 days and at final state (17 days). Profile P1 is made near the place where the drop fell. It shows a digging which increases significantly over time. Profiles under the bridge show two diggings (P2) then three (P3). These paths followed small fractures. These ones indicate preferential path for water circulation (P2 and P3).
CONCLUSION
These results allow us to highlight some points on the rock bridges or more generally rock behaviour under dissolution caused by water flow.
The experiments in laboratory give us interesting information on the surface, as we showed for the experiment in static regime and also on the behaviour of the porous matrix submitted to dissolution. Concerning the loss of weight, we noted that it is related to the available amount of oxonium ion in the solution to dissolve calcite. In this experiment the solution is saturated in 2 days whereas in the experiment in flowing regime the solution is never saturated due the dynamic flow of water.
The shear strength of different rock bridges in unaltered limestone indicates that there is a link between physical characteristics of rocks. This is the value of Young's modulus, the average compressive strength and the average force measured at the failure state.
These two experiments confirm the effects of water in alteration process. The experiment in flowing regime is more efficient than the static one. The 60 days of alteration for the first experiment in static regime showed low important damages whereas the 17 days of alteration for the flow regime, the damage is impressive. We obtain two times more degradation in three times less time.
We show alteration on the surface, but also inside the sample, which indicates relation between them. During the flowing regime experiment we observed that the reactive water uses preferential path no matter what limestone is used. The loss of symmetry is due mainly to the heterogeneity at microscale.
The laboratory analysis will be extended to the in situ scale. The first results of the GPR experiment give interesting results and the method should be used for the characterization of the rock bridges and follow their evolution in time. The main results are presented in the Table 2 below. Reconstruction thanks to radargram the discontinuity ad the 3D localisation of the rock bridges A c k n o w l e d g e m e n t s . The authors are grateful for fruitful scientific discussions with members of the GDR CNRS 3176 MEGE.
